An energetic co-crystal consisting of the most promising military explosive 2, 4,6,8, 10, 4,6,8, 10, and the most well-known oxidant applied in propellants ammonium perchlorate has been prepared with a simple solvent evaporation method. Scanning electron microscopy revealed that the morphology of co-crystal differs greatly from each component. The X-ray diffraction spectrum, FTIR, Raman spectra, and differential scanning calorimetry characterisation further prove the formation of the co-crystal. The result of determination of hygroscopic rate indicated the hygroscopicity was effectively reduced. At last, the crystallisation mechanism has been discussed. Defence Science Journal, Vol. 67, No. 5, September 2017, pp. 510-517, DOI : 10.14429/dsj.67.10188  2017 STuDY OF AN ENERGETIC-OXIDANT CO-CRYSTAL: PREPARATION, CHARACTERISATION AND CRYSTALLISATION MECHANISM 511 to do differential scanning calorimetry (DSC) analysis. 2 mg -3 mg simple was weighed into alumina crucible each time. Test conditions were recorded with 20 mL/min nitrogen purge flow at 20 °C /min from 25 °C to 500 °C.
INTRODUCTION
There are three principal approaches for modification of materials used in defence technology: Improving crystal quality, ultrafine treatment and polymer coating. But these methods all have their own shortcomings like complex steps, high costs and energy reduction. Co-crystal technology are widely used for the pharmaceutical chemicals due to their functions of improving the solubility, bio-availability physical and chemical stability properties of drugs with their chemical structure unchanged [1] [2] [3] [4] [5] [6] [7] , therefore, co-crystal technologies are getting more and more emphasis and applications in the field of energetic materials in recent two decades. Bolton combined the economy and the stability of TNT with the high energy density of CL-20 to form a novel co-crystal which have great charge density but lower mechanical sensitivity than CL -20 8 . Shen successfully prepared HMX/TATB co-crystal explosive by the S/NS method at room temperature. The data of impact sensitivity test indicate that the co-crystal explosive was relative insensitive in contrast to HMX 9 . An energetic-oxidant co-crystal composed of ammonium perchlorate (AP) and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) is presented here. AP is a common component of solid rocket propellant, but large water solubility, severe hygroscopicity and easy reunion, reduce the survival ability of arms [10] [11] . CL-20 is currently the most powerful high-energy elemental explosives used in national defense industries [12] [13] [14] [15] [16] [17] , but high mechanical sensitivity (impact sensitivity, friction sensitivity and shock sensitivity, etc.) limits its application range [18] [19] [20] . Study show that forming cocrystal can effectively improve the solubility, dispersion and hygroscopicity of the component [21] [22] [23] [24] [25] . Therefore, in order to ameliorate the hygroscopicity of AP, we consider forming co-crystal of CL-20 and AP before applying in propellant formulations.
EXPERIMENTAL PROCEDURE 2.1 Materials and Preparation
AP was supplied by the Dalian factory of ammonium perchlorate. ε-CL-20 was produced by Qingyang Chemical Industry Corporation of China. Ethanol, AR, Shanghai Lingfeng Chemical Reagent Co. Ltd.
Preparation of the Co-crystal
0.012 g AP and 0.044 g CL-20 (molar ratio 1:1) were added to 20 mL methanol. After uniformly mixing with 10 min ultrasonic oscillation, the solution was stirred for several hours and colourless and transparent crystals were obtained after 6 days volatilisation. The sample was dried through a vacuum drying process for 2 h to get CL-20/AP co-crystal.
CHARACTERISATIONS AND DISCUSSIONS
The samples (CL-20, AP and the co-crystal) scanning electron microscopic (SEM) morphology characterisation was observed with Hitachi S-4800. The X-ray diffraction (XRD) was carried out with a Bruker Instruments D8 Advance system in the 2θ range of 20-80° at scan rate of 0.02°/s with Cu-K α1 radiation (λ= 0.15406 nm) operated at 40 kV and 40 mA. FT-IR and Raman spectra were determined by Thermo Fisher Nicolet iS10 FT-IR Spectrometer and HORIBA JOBIN YVON S.A.S. LABRAM Aramis, respectively. SDT Q600 was employed to do differential scanning calorimetry (DSC) analysis. 2 mg -3 mg simple was weighed into alumina crucible each time. Test conditions were recorded with 20 mL/min nitrogen purge flow at 20 °C /min from 25 °C to 500 °C.
SEM Studies
As shown in Fig. 1 , AP crystals tend to be spherical with rounded edges and corners, which particle size is approximately 100 μm. Raw CL-20 particles are more like irregular polyhedron with uneven size. However, CL-20/AP co-crystal, presenting cubo octahedron, varies greatly from the morphology of each single component. stretching respectively. However, these two bands shifted to 3209.30 cm -1 and 3054.41 cm -1 in the co-crystal. 
XRD Characterisation
The XRD patterns of AP, CL-20 and co-crystal are presented in 
FT-IR Spectra
The FT-IR spectra of AP, CL-20 and co-crystal are as shown in Fig. 4 . The assignments for the major characteristic bonds are listed in Table 1 . The results indicated that several characteristic absorption peaks are highly sensitive to the structure changes of the co-crystal in the IR spectra. AP has bands at 620.00 cm and 3281.29 cm -1 , respectively. Similarly, some characteristic absorption peaks of CL-20 also shift after crystallisation. Those phenomena may be caused by the hydrogen bond interactions involved in co-crystal formation which changes the symmetry characteristic.
Raman Spectra
The Raman spectra of AP, CL-20 and co-crystal are presented in Fig. 5 . Some characteristic peaks of AP and CL-20 are detected in the co-crystal from Micro-Raman spectroscopy (MRS). Similar to FTIR, some peak shift also take place for Raman spectra which can be attributed to intermolecular hydrogen-bonding. For example, AP has band at 3212.38 cm -1 and CL-20 has band at 3048.00 cm -1 which are -NH and -CH 
Thermal Property
As shown in Fig. 6 , CL-20/AP co-crystal presents a unique thermal property which is different from single component CL-20 and AP. The as prepared co-crystal only has an exothermic peak at 231.3 °C, which was earlier than that of mechanical mixture at 243.8 °C. Besides, the mixture has a second exothermic peak at 282.1 °C. In Fig. 6(e) , it is indicated that the co-crystal decomposed ahead of mixture, CL-20 and AP. In Fig. 7 , the phenomenon is more obvious.
As shown in Fig. 7 , CL-20 has only one weightless step and AP has two. This may explain why the mixture has three steps. However, the co-crystal only has two weightless steps. There's a strong interaction between CL-20 and AP. Reasons are summarised as: The decomposition temperature of CL-20 249.2 °C is close to the crystal transition peak temperature of AP 248.9 °C . A small amount of AP decomposition products (HClO4, ClO3 and ClO2 with high oxidation resistance) can affect the decomposition of CL-20. Meanwhile, the decomposition of CL-20 also influences the degradation process of AP. Compared with mechanical mixture, crystal transition peak of AP disappears and the exothermic peak of co-crystal has changed a lot which proves the formation of co-crystal. In a word, the co-crystal has a special thermal decomposition performance different from both components and the mechanical mixture. The results indicate that the process of crystallisation can not only change the thermal decomposition characteristics of single components, but also give the co-crystal explosive a unique thermal decomposition behaviour.
Determination of Hygroscopic Rate
After drying for two hours in a vacuum drying oven (temperature 50±5 °C ), the co-crystal and raw AP were weighed 2.3 g and 1.5 g (AP contained in the same mass) respectively into a weighing bottle. The weighing bottle was placed in a constant temperature and humidity environment (temperature 40 °C , relative humidity of 75 per cent) which was achieved by putting an absorbent reactor fitted with saturated aqueous NaCl in 40 °C water bath pot. Every two days, the mass of both AP and co-crystal was weighed. We calculated the hygroscopic rate of each sample according to the Eqn. (1).
where W is the mass percentage of hygroscopic rate in%. m 1 is the mass of the dry sample while m 2 is the mass of the moisture absorption one. Figure 8 shows that the hygroscopicity of co-crystal is significantly lower than that of raw AP, in other words, the hygroscopicity of AP has been greatly reduced which is in accordance with the HMX/AP co-crystal 25 . Through technology of co-crystal, CL-20 and AP can combine at the molecular scale level which can also change the internal composition and crystal structure of explosive. Moreover, intermolecular hydrogen bonds, due to which the stability of eutectic explosive molecular system is increased, evidently lower the hygroscopicity. So we can say that the hygroscopicity of AP is effectively reduced and the storage performance is increased by using co-crystal technology.
Possible Crystallisation Mechanism
According to the experimental data above, one can conjecture that intermolecular hydrogen bonding is the main non-covalent force during crystallisation process. Material Studio 6.1 was used to do the simulation calculation of CL-20/ AP co-crystal.
The method of simulation of co-crystal structure was Polymorph Predictor (PP) and the model was based on the results of calculation surface electrostatic potential energy from DMol3. Firstly, Forcite modular was chosen to do the repeated Geometry Optisation 5 times, Forcefield was Dreiding and the charge was use current. Then the obtained model was used to do PP calculation. The default ratio of CL-20 and AP was 1:1. Forcefield was Dreiding, the predicted space groups were P21/C, C2, P-1, P21, Pbca and Pna21.
It can be seen from the numerical simulation that Monte Carlo method was used to do the comprehensive statistics of density, energy, H-bond and lattice parameters of space group structures. The results of statistical analysis were as shown in Fig. 9 . Figure 9 (a) reveals that the density distribution of cocrystal was 1.65 g/cm -3~1 .91 g/cm -3 , which was smaller than that of CL-20 1.92 g/cm -3~2 .03 g/cm -3 and AP 1.95 g/cm -3 . Mainly because that AP molecules can't promote the densification of spaces between CL-20 molecules. Therefore, the simulation density was in the range of theoretical values. Figure 9(b) shows that the energy distribution of CL-20/AP co-crystal was 55 kcal/mol~62 kcal/mol, higher than that of CL-20(47.6 kcal/ mol). is in medium-strength range. Therefore, it is possible to form co-crystal by H-bonds under suitable conditions. Energydensity distribution in Fig. 9 (d) presents a concentrated area.
According to the theory of crystallography, in the process of crystallisation, the entropy decreases and the regularity of the material increases. As the degree of regularity increases, the density increases as a result. In addition, the regularity of crystal increases in the process of crystallisation accompanied by heat release. A material with lower energy can usually form a more stable crystal. Based on these two points, the energydensity optimal point was marked 'A' in Fig. 9(d) . The cell parameters and structure of 'A' were presented in Table 2 and Fig. 10 , respectively. Figure 10 , Cl-20 and AP molecules are in a regular alternate arrangement to guarantee the maximum crystal density which provides the conditions to form hydrogen bond using the H in ammonium and further to form stable crystal structure.
CONCLUSIONS
(a) CL-20/AP co-crystal was successfully prepared by a simple solvent method at room temperature. The SEM, XRD, FT-IR Raman and DSC characterisation prove the formation of (the co-crystal, to a certain extent, also the existence of intermolecular hydrogen bonds which are the main driven forces. (b) Possible crystallisation mechanism was discussed and intermolecular hydrogen bond forms are presented. (c) The result of determination of hygroscopic rate indicates that the hygroscopicity of AP is effectively reduced and the storage performance is increased which may make a great contribution to military applications like propellants. Further investigation and discussion into the mechanism will be our future work. 
